The application of grating-coupled waveguides to spread spectrum fiber-optic communications systems is described. It is first shown that such a device can act as its own matched filter for impulsive excitation, which allows its use as an encoder and decoder of ultrashort pulses. This is true even in the case of strong coupling, although considerable pulse distortion occurs. A typical performance that might be expected from existing technology is then outlined, and a number of numerical examples are presented to illustrate typical signal processing operations.
tems have been demonstrated recently. In one such system, the encoding was electronic, and only the decoding was performed optically. 3 4 In another, both encoding and decoding were optical. 5 In an all-optical system, encoding may proceed as shown in Fig. 1(a) . An optical short-pulse generator (e.g., a pulsed semiconductor laser) is first used to provide a train of high-bandwidth pulses, which repeats at the rate of the low-bandwidth data. This train is then modulated by the data (say, by a directional coupler switch). Each remaining pulse in the train is then converted into a coded chip sequence by passing it through a filter with a suitable impulse response (e.g., a tapped optical fiber delay line). The duration of this sequence should generally be less than half of that of one data bit to prevent overlap of signals after correlation.
The resulting coded pulse train is then transmitted and received as shown in Fig. 1(b) . First, the train is passed through a filter, whose impulse response is the time reverse of the filter used for coding. If the code and filter match, the output is the autocorrelation of the code sequence (which has twice the duration of the code itself). This is detected; the presence of an autocorrelation peak is then established by thresholding, and the low-bandwidth data are reconstructed (e.g., by triggering a monostable multivibrator). Incorrect codes generate low cross-correlation signals, which do not pass the threshold detector. Unfortunately, if tapped fiber delay lines are used for encoding, this type of system is extremely lossy, because of (1) the weak tap weightings required to ensure equal chip heights and (2) the problem of combining a number of incoherent, single-mode taps into one single-mode output fiber.
Considerable improvement is provided by the fiberoptic lattice suggested by Marom et al., 6 , 7 which can produce a code sequence of uniform-height pulses with just a 3-dB loss (assuming lossless components). This is shown in Fig. 2 ; it consists of a series of cascaded, unbalanced Mach-Zehnder interferometers formed from 3-dB couplers linked by fiber delays. Figure 2 (top) shows a single-section device. In this case, a single input pulse will generate an output consisting of two pulses, separated by the time imbalance X between the two arms of the interferometer. Figure 2 (b) shows a two-section device, which will produce a four-pulse output, the pulses occurring at t = 0, t = a, t = r', and t = r + r'. In general, an N-section device will produce 2 N pulses, occurring at times that correspond to all possible transit times through the network. As a result, only a restricted set of codes may be generated from such a lattice, but this deficiency is compensated to a certain extent, because the device acts as its own matched filter. 6 7 This particularly efficient network was used in the all-optical scheme described in Ref. 5 . Further improvements can be obtained if the incoherent system is replaced by a coherent one. However, a major difficulty lies in the realization of filters that provide arbitrary (i.e., negative or complex-valued tap weightings). Now it is well known in ultrasonics that a grating may satisfy this requirement; for example, interdigital transducers have been used in a wide variety of surface acoustic wave matched filter systems. 8 We demonstrate in this paper that a number of suitable guided-wave optical grating types already exist that may also be used as coherent matched filters. These all operate by using a grating to phase match two different, codirectional modes and have generally been fabricated using the Ti:LiNbO 3 channel waveguide system. Examples include TE-TM mode converter filters 9 [as shown in Fig. 3(a) ], interwaveguide TE-TM mode converters,1 0 and interwaveguide filters with dissimilar guides" [ Fig. 3(b) ].
In each case, the physical principle involved is similar. Significant power transfer may be obtained between the modes concerned, provided (a) there is a nonzero coupling coefficient between them, and (b) they are phase matched by the grating. the grating has a period A so that K = 2r/A = f3 -2.
While considerable work has been reported on the filter response of such devices for wavelength division multiplexing applications, their time response has received little or no attention. The exception is a study by Morgan1 2 of filters with spatially variant coupling. The purpose of this paper is to demonstrate that such filters form the coherent analog of the cascaded interferometer network of Marom, as described above. We first prove that the use of a grating allows the realization of complex-valued tap weightings and then show that the device can be used as a matched filter pair for ultrashort pulses, even in the case when multiple scattering occurs. We then examine the likely performance of devices based on existing technology and conclude with a number of numerical examples illustrating typical signal processing operations.
II. Scalar Analysis
We begin by deriving suitable differential equations from which the response of a typical filter may be calculated. Since this has been done many times previously, we shall retain only essential details. For the analysis, we assume the geometry in Fig. 4(a) . This shows an asymmetric directional coupler filter, consisting of two parallel, dissimilar guides with a slowly Here nT(xy) is the index distribution describing the two guides together, and An(xy,z) is the refractiveindex profile of the grating (which is slowly varying in the z direction). The spatial frequency of the grating is K = 2ir/A, which is taken to be constant. However, slow variations in the phase of the grating are accounted for by the phase function ¢(z).
Each guide is assumed to be single moded and defined individually by an index distribution n(xy), where i = 1,2. In a TEM model, propagation in each guide in isolation is then governed by the scalar wave equation:
where ko = 2r/X, and X is the optical wavelength. Eigenmode solutions for the individual guides (traveling in the +z direction) can then be written in the form
where ETi(x,y) represents the transverse field of the mode, and /3i is its propagation constant. Both fli terms are assumed to be close to a reference value #O. These solutions satisfy the scalar wave equation
]ETi(xy) = 0, (2.4) where VxY2 = 0 2 /8x 2 + 0 2 /0y 2 . It is assumed that both transverse fields are normalized, so that
The grating is assumed approximately to phase-match the two modes; thus we may write
where VA is a small quantity. Provided that An << nT, the relevant scalar wave equation for the complete device is then
Following the normal rules of the coupled-mode theory, a solution is now assumed in the form of a sum of the modes in the individual guides as (2.8) where Al and A 2 are the amplitudes of the modes in the two guides. We now substitute Eq. (2.8) into Eq. (2.7), eliminate as many terms as possible using Eq. (2.4), and neglect both higher diffraction orders and second derivatives of mode amplitudes. Taking inner products between the resulting equations and the transverse modal fields and neglecting intermodal overlaps, we obtain the following pair of coupled differential equations, which describe the variation of the mode amplitudes with distance:
where the coupling coefficient K is defined by
Of course, Eqs. (2.9) are valid only for cw operation at a constant angular frequency co or wavelength X. At this point, we note that it can also be written in the alternative form:
where
More accurate equations (which include modal overlaps) have recently been derived by Huang and Haus1 3 following the original work by Hardy and Streifer.1 4 Our justification for omitting these refinements is that the extra terms are significant only in devices that operate by coupling between nonorthogonal modes. Since this is not the case in TE/TM mode converters, we shall adopt the simplest analysis consistent with our argument. We can repeat the procedure above for backwardtraveling modes, as shown in Fig. 4(b) . This time, we assume a solution in the form
If this is done, the following alternative set of differential equations is obtained:
Equations (2.11) and (2.13) appear to be similar. However, the slight differences in the coupling terms are crucial. Essentially, it is these that allow a gratingcoupled device to act as its own matched filter for impulsive excitation, as we now show.
Ill. Matched Filtering Properties of Slowly Varying

Devices
The properties of matched filters are well known.2 Essentially, a device can act as a matched filter for a time-varying signal s(t) in the presence of white noise, if its impulse response is the time-reverse of s(t). This implies that the spectral response G(w) of the filter must be proportional to the complex conjugate of S(w), the Fourier transform of s(t). Similarly, two filters may act as a matched encoder/ decoder pair for impulses in the following conditions. We first assume that one of the filters is excited by an impulse, giving an output gl(t), that has a Fourier transform Gi(c&). The second filter will then act as a matched filter for this signal, provided its spectral response G 2 () is proportional to G,*(w).
We now show that devices containing a single slowly varying grating can act as a matched filter pair for impulses, as above. It has been demonstrated elsewhere that the general solution to a wide variety of coupled wave problems may be found by path integration.1 5 For forward-traveling waves, the solution to Eqs. (2.11) for A 2 at z = d [subject to the cw boundary conditions of Al = Al(0),A 2 = 0 at z = 0] can be written as an infinite series of integrals in the form
Here the integrals are nested, so that the integration with respect to Z 2 is performed before that with respect to z 1 and so on. Retaining only the term to first order in c(z) in Eq. (3.1), we obtain
To a first-order approximation, therefore, the output is the summation of a series of complex taps of strength c* spaced along the length of the device.
Similarly, for backward-traveling waves, the solution to Eqs. and so on. It therefore follows that
Now, at this point, we introduce the new variables Comparing a, and a 2 , we are therefore comparing absolute phases. Using this notation, we can write Eq. Apart from the complex factor -exp$-j(3, + 03 2 )d}, the output of the device in the conditions shown in Fig.  4(b) is therefore the complex conjugate of the output in the conditions of Fig. 4(a) , even in the high-efficiency or multiple-scattering regime. The slowly varying grating filter may therefore be used as an encoder and decoder of impulses.
IV. Matched Filtering Properties of Devices Comprising Cascaded Sections
Now it may be the case that the device does not consist of a single, slowly varying section of grating. Another possibility is that several cascaded sections of uniform grating are used, as in Fig. 5 . This format may prove more realistic for the practical construction of an electrically programmable filter, since it allows positive, negative, or zero tap weightings to be realized by the simple appliction of one of three voltages (+V, -V, or 0) to each section. We shall now demonstrate that such a device has similar matched filter properties.
We first consider the response of a device containing a single, uniform section for forward-traveling waves.
In this case, Eqs. into the constant coefficient differential equations:
Solutions to these equations were previously obtained by Kogelnik Using these expressions, we can show (after a small amount of manipulation) that solutions for the transformed variables of Eqs. (3.6) can be found in the form We now consider a device consisting of N cascaded sections. We assume that the nth section has length dn and contains a grating of strength Kn and phase On.
VN-I
Output
4-
In this case, the solution for forward waves can still be found in terms of a transfer matrix, but one that is now a product, of the form
where Mn represents the forward transfer matrix of the nth individual section. Similarly, for backward-traveling waves, the solution may be written in terms of a matrix M', now the product 8) where M is the backward transfer matrix of the nth section. Using Eq. (4.6), we see that the total transfer matrix in the backward direction is still the transpose of that in the forward direction. Using these two results, the response of the device to a forward-traveling input a(0) can be found at the output (i.e., after a distance dT = N dn) as
In fact, this result also holds good for a multiplesection device. This can be shown by induction, essentially by multiplying together any two matrices of the type given in Eq. (4.5). Once again therefore, apart from a factor -expj(1 + 132)dT}, the output from the device in the conditions shown in Fig. 5(b) is the complex conjugate of the output in those of Fig.  5(a) . The cascaded-section filter may therefore also be used as an encoder and decoder of impulses.
It is worthwhile identifying the physical origin of this behavior. Essentially, the device would appear to act as an analog of the complex spatial filter devised by VanderLugt1 7 for signal processing in the time domain. Each allows matched filter operations to be performed, based on the capability of the grating to generate both a transform and its conjugate via its positive and negative diffraction orders.
V. Estimated Performance of Practical Devices
We now estimate the length of the impulse response that may be obtained from practical devices fabricated using Ti:LiNbO 3 channel guides, using a weak scattering approximation. For a uniform grating, assuming that the coupling coefficient K(Z) is constant and generally independent of frequency and that 0(z) = 0, the output from guide 2 at z = d in response to a unity input to guide 1 at z = 0 may be written as Here wo is the angular frequency at which phase matching occurs, 1o -20 = K, and 3l/dO and 0132/OCO are both evaluated at wo. Equation (5.1) then reduces to (5.3) where a, and a2 are given by
where M 2 1 is the (2,1) off-diagonal element of the matrix M in Eq. (4.7) . Similarly, the response to a backward-traveling input al'(dT) can be written as As might be expected, the impulse response is a pulse of duration -= 2a2 and uniform amplitude modulus Kd/r. If we now define the group velocities vgi of the individual guides as vgi = w/O1ai, r can be written as VI V2
VI V2
VM Either a long device or a large difference in group velocity between the two guides is therefore required for a long impulse response. Without immediate access to group-velocity data, we must estimate X from other published filter param- Hence the length of the impulse response can also be written in terms of the filter bandwidth as would prove adequate for many signal discrimination tasks.
We now consider the operation of two such filters as a matched filter pair, which places constraints on temperature stability. Booth et al.' 8 have investigated the stability of Ti:LiNbO 3 devices and found tuning rates of -10 A/MC, mainly because of the strong temperature dependence of the material birefringence.
Filters of 0.5-A bandwidth (i.e., the 60-mm devices described above) would therefore require stabilization to 0.01°C to prevent the matching of the filters from being destroyed by drifts in temperature. This could be achieved by closed-loop temperature control of each filter by a thermoelectric cooler.
VI.
Numerical Simulation
To demonstrate the performance of a grating-coupled filter, we constructed a computer model of a multisection device. The transfer function M, of each section was taken from Eq. (4.5), using Kn, c,, and dn for K, ek, and d. The total transfer matrix was then evaluated by multiplying together a number of such matrices according to Eq. (4.7). The matrix elements were first tabulated over a finite frequency range, centered on the phase-matching frequency, and the impulse response was then obtained by Fourier transformation using a fast Fourier transformation routine. Here we are particularly interested in the output from Mode 2 for impulsive excitation of Mode 1. These results are displayed as the modulus-square of the output, i.e., as IF-11M 2 1112. Both time shifting and scaling were used to ensure that the region of interest in the response occupied the whole of the sampling window.
To perform the simulations, we modeled the device as an electro-optic TE-TM mode converter in titanium-diffused lithium niobate. For simplicity, waveguide and material dispersion were both neglected, and the effective indices of the guides were assumed Apart from ringing at each end (due to the Gibbs phenomenon), the output is a uniform pulse as described in Section V. The vertical axis is deliberately not scaled, since this trace is (in a sense) universal. Since (as we previously showed) the pulse amplitude modulus is Kd/r, the pulse power must be
(n 2 -n)] 2 , i.e., independent of device length. For these parameters, r = 1.43 ps. . This is to be expected, since this device consists of four weak taps separated by three delay sections. The peak pulse powers are the same as in Fig. 6 , but the total duration of the code is now 18.63 ps.
The autocorrelation functions obtained by feeding the output of one filter (acting as a coder) into a suitable matched filter (operating as a decoder) were also computed by similar methods. This required the evaluation of IF-1{M1 2 M 2 1112). Figure 8 shows the autocorrelation of the pulse in Fig. 6 . Note that the edges of the resulting spike vary parabolically, not linearly, since power is again plotted rather than amplitude. The peak power is
and the duration of the correlation is twice the length of the pulse in Fig. 6 . Similarly, Fig. 9 shows the correlation corresponding to Fig. 7 . This clearly corresponds to the autocorrelation of the sequence Ps.
[2cd / (n 2 -n )] 2 t min t max device as a generator of arbitrary codes, the results of Fig. 9 are repeated in Fig. 10 for slightly different parameters. The last two taps are made negative by taking ek5 = 7 = r. The output of the first filter is now a bipolar code, corresponding to the sequence (1 0 0 0 1 0 0 0-1 0 0 0-1). After passing a similar matched filter, the autocorrelation function now has a central peak equal to that in Fig. 9 , but the largest sidelobes are now only 4X the peak in Fig. 8 owing to coherent cancellation of some of the contributions. This is highly advantageous if a threshold device is used to detect the occurrence of an autocorrelation peak.
Unfortunately, for stronger coupling, the results are less useful. Figure 11 shows a response similar to Fig.  6 but for K = 157 m-1 (so that Kd = r/4). Although the output has the same duration, the pulse is highly nonuniform. This effect was previously reported by Morgan,' 2 who demonstrated that a uniform impulse response can only be obtained in the strong coupling regime by using tapered coupling. This can be achieved by withdrawal weighting of the electrode fingers.
Use of the filter as a code generator in the strong coupling regime was also investigated. Fig. 7 (although the filter only has three tap positions, the fourth pulse will be generated by multiple scattering). Although four pulses are indeed generated, they are all highly distorted. The multiply scattered pulse (which appears second) suffers the most distortion and is rather weak. Furthermore, all the pulses appear broadened, having a small pedestal on each side. These can also be shown to be due to multiple-scattering effects. Consequently, the autocorrelation performance of strongly coupled devices is considerably worse than their weakly coupled equivalent. These effects all require further investigation.
VII. Conclusions
Grating-coupled waveguide filters have been shown to perform useful signal processing operations in the picosecond pulse regime. In particular, it has been demonstrated that they can act as coherent matched filter pairs for impulsive excitation in both weak and strong coupling regimes and for both slowly and abruptly varying gratings. Electro-optic TE-TM mode converters offer the promise of electrical programmability, reasonable stability, and moderately long integration times. However, strongly coupled devices would appear to require more refinement than the uniformsection devices considered here to be of practical use.
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